The distinction of hepatocellular carcinoma (HCC) from metastatic tumor in the liver often presents a diagnostic challenge that carries significant impact on prognostication and therapy. The number of diagnostically useful immunohistochemical markers of hepatocytes is limited to hepatocyte paraffin antigen (HepPar-1), polyclonal carcinoembryonic antigen, and CD10, with a-fetoprotein and glypican-3 labeling HCCs. Arginase-1 (Arg-1) is a binuclear manganese metalloenzyme that catalyzes the hydrolysis of arginine to ornithine and urea. We used immunohistochemistry to compare the sensitivity of Arg-1 to that of HepPar-1 in 151 HCCs. We found that the overall sensitivities of Arg-1 and HepPar-1 are 96.0% and 84.1%, respectively. The sensitivities of Arg-1 in well, moderately, and poorly differentiated HCCs are 100%, 96.2%, and 85.7%, respectively, whereas, in comparison, HepPar-1 demonstrated sensitivities of 100%, 83.0%, and 46.4% for well, moderately, and poorly differentiated tumors, respectively. There were no HCCs in our study that were reactive for HepPar-1 but nonreactive for Arg-1. We also examined Arg-1 expression in nonhepatocellular tumors, including many that are potential mimics of HCC (renal cell carcinomas, neuroendocrine tumors, melanomas, gastric adenocarcinomas, and adrenocortical carcinomas) and found that only 2 non-HCC tumors were reactive for Arg-1. Arg-1 represents a sensitive and specific marker of benign and malignant hepatocytes that may ultimately prove to be a useful diagnostic tool in routine surgical pathology practice.
H epatocellular carcinoma (HCC) is the sixth most common malignancy worldwide with an incidence of 626,000 cases and 598,000 deaths annually, making it the third most common cause of cancer deaths globally. 25 The distinction of HCCs from metastatic tumors in the liver often presents a diagnostic challenge that carries significant impact on subsequent prognostication and therapeutic management.
Several serologic tests designed to detect liverspecific enzymes in blood samples as indices of hepatocellular injury have been developed. 24 Although these serum markers are largely specific for hepatocytes, most are also expressed in nonhepatic tissues, which may be a source of false-positive results. In addition, these serologic markers were developed as clinical indices of hepatocellular injury rather than neoplasia. In contrast, the number of diagnostically useful immunohistochemical markers for identification of hepatocytes in routine surgical pathology practice remains limited to hepatocyte paraffin antigen (HepPar-1), polyclonal carcinoembryonic antigen (CEA), and CD10, with a-fetoprotein (AFP) and glypican-3 labeling some HCCs. 4, 8, [15] [16] [17] 22, 29, 33, 35 However, the utility of each of these markers is limited either by suboptimal sensitivity or difficulty in interpretation. 11 For example, HepPar-1 is less sensitive in poorly differentiated HCCs with sensitivities of 50% or less. 11 Because HepPar-1 is most useful in distinguishing poorly differentiated HCCs from metastatic adenocarcinomas, this decreased sensitivity in poorly differentiated tumors can result in false-negative diagnoses. In contrast, glypican-3 is less sensitive-and can in fact be negative-in well-differentiated HCCs, 11 and, because this antigen is sometimes used in the distinction between hepatic adenomas and well-differentiated HCCs, this too represents a significant disadvantage. Glypican-3 is also expressed in melanomas and some nonseminomatous germ cell tumors. 10, 23, 36, 37 Polyclonal CEA and CD10 can be difficult to interpret because canalicular and diffuse cytoplasmic staining can be difficult to distinguish. Furthermore, the sensitivities of these markers can be low (25% to 50% in poorly differentiated HCCs for polyclonal CEA and 50% for CD10). The sensitivity of AFP ranges from 30% to 50% and staining tends to be patchy. 12, 14, 17 The expression of new hepatocellular markers, such as p28/gankyrin (GANK), has also been described. 9 Recently, the HepPar-1 antigen has been shown to correspond to the urea cycle enzyme carbamoyl phosphate synthetase. 1 A previous immunohistochemical study established that arginase-1 (Arg-1), another enzyme involved in the urea cycle, is also expressed in normal human liver with a high degree of specificity. 19 Specifically, Arg-1 has been shown by immunohistochemistry to be concentrated in periportal hepatocytes. 28 Recent research examining Arg-1 expression by reverse transcription-polymerase chain reaction and Western immunoblot analysis demonstrated decreased but not absent expression of this enzyme with concurrent slightly increased expression of a second isoenzyme, Arg-2 (extrahepatic Arg), in cirrhotic nodules and HCCs. 2, 3 We examined the expression of Arg-1 in hepatocellular and other neoplasms by immunohistochemistry to determine its viability as a marker of hepatocytes and HCCs.
MATERIALS AND METHODS
All cases included in this study were recovered from the archived autopsy and surgical pathology files of the University of Chicago Medical Center, the University of Sao Paulo School of Medicine, and the Johns Hopkins Medical Institutes. A total of 778 neoplasms (738 malignancies, including 193 HCCs) were evaluated. The diagnosis of poorly differentiated HCCs was based on a combination of clinical features (elevated serum AFP level and absence of another primary source of tumor) and histologic features (bile production by tumor cells, an adjacent area of betterdifferentiated HCC, and immunophenotype).
Tissue microarrays (TMAs) from all institutions were assembled according to established protocols, with two to four 1.0 or 1.5 mm cores obtained from representative portions of tumor. TMAs from the Johns Hopkins Medical Institutes were a gift from Dr Michael Torbenson. Standard paraffin block tissue sections from 42 HCCs and 6 intrahepatic cholangiocarcinomas that were not represented in the TMAs were also examined for Arg-1 expression. Samples of normal liver, esophagus, stomach, duodenum, colon, lung, kidney, prostate, pancreas, breast, thyroid, lymph node, tonsil, muscle, omentum, and placenta were also examined for expression of Arg-1.
Immunohistochemistry for Arg-1 was performed using a polyclonal rabbit antihuman antibody (HPA003595, Sigma-Aldrich, St Louis, MO) at 1:200 dilution. TMAs and conventional tissue sections were subjected to heatinduced epitope retrieval pretreatment for 3 minutes at 951C in 0.01 M citrate buffer (pH 6.0), cooled to room temperature, quenched with 1% hydrogen peroxide/ methanol before blocking with 5% skim milk, and subsequently incubated with primary antibody for 60 minutes at room temperature. For detection we used a biotin-free horseradish peroxidase-labeled dextrose-based polymer complex bound to secondary antibody [DAKO EnVision Plus System-HRP (DAB), DakoCytomation, Carpinteria, CA]. Slides were then developed for 5 minutes with 3-3 0 -diaminobenzidine (DAB) chromogen, counterstained with hematoxylin and coverslipped. Positive controls of normal human liver and negative controls of rabbit IgG were stained in parallel with each batch.
Immunohistochemistry for HepPar-1 was performed using a monoclonal mouse antihuman hepatocyte antibody (clone OCH1E5; DakoCytomation, Carpinteria, CA) at 1:200 dilution. Immunostaining was performed on a Ventana Benchmark XT autostainer (Ventana Medical Systems, Inc, Tucson, AZ) according to the manufacturer's protocol after antigen retrieval with Cell Conditioning Solution (CC1) for 60 minutes and using biotin-free UltraView DAB detection kit (Ventana Medical Systems, Inc, Tucson, AZ). Peroxidase activity was visualized with the DAB substrate chromogen provided in the detection kit. Slides were counterstained with hematoxylin and coverslipped. Positive controls of HCC and negative controls of mouse IgG were run with each batch. The intensity of immunostaining was scored on a 3-tiered scale (0 to 2+), with a score of 0 indicating no staining, a score of 1+indicating weak staining, and a score of 2+indicating strong staining. Furthermore, the pattern of staining (diffuse or focal) was recorded. Focal staining was defined as reactivity in <10% of tumor or lesional cells. Only cytoplasmic or cytoplasmic plus nuclear reactivity was considered to represent positive staining. This study received approval from the University of Chicago Medical Center's institutional review board.
RESULTS
To compare the sensitivities of HepPar-1 and Arg-1 as immunohistochemical markers, TMAs containing samples from 151 HCCs, including 70 well-differentiated 1) . We used a commercially available antibody against Arg-1 to determine its viability as a hepatocellular marker.
In sections of normal liver, Arg-1 produced strong, diffuse cytoplasmic reactivity in all hepatocytes throughout the lobule (Fig. 1) . The staining was not as granular as that of HepPar-1. In a few cases, patchy nuclear reactivity was also evident in hepatocytes along with the strong cytoplasmic reactivity. There was no reactivity in bile duct epithelial cells, sinusoidal endothelial cells, Kupffer cells, or vascular endothelial cells.
Only HCCs showing cytoplasmic or cytoplasmic plus nuclear reactivity were considered to be positive for Arg-1. As shown in Figures 1 and 2 , Arg-1 demonstrated cytoplasmic and occasional nuclear reactivity in both benign hepatocytes and hepatocellular neoplasms. Almost all HCCs examined showed diffuse reactivity for Arg-1. Table 2 shows that Arg-1 has a sensitivity of 96.0% overall, with sensitivities of 100%, 96.2%, and 85.7% for well, moderately, and poorly differentiated HCCs, respectively. In comparison, HepPar-1 demonstrated a sensitivity of 84.1% overall, and sensitivities of 100%, 83.0%, and 46.4% for well, moderately and poorly differentiated tumors, respectively ( Table 2 ; Fig. 2 ). Furthermore, when only those cases exhibiting strong (2+) staining were counted, Arg-1 showed a sensitivity of 86.1% overall, with sensitivities of 100%, 79.2%, and 64.3% for well, moderately, and poorly differentiated HCCs, respectively (Table 2; Fig. 3 ). In contrast, HepPar-1 showed a sensitivity of 70.9% overall, with sensitivities of 90.0%, 69.8%, and 25.0% for well, moderately, and poorly differentiated HCCs, respectively (Table 2; Fig. 3 ). Moreover, when only cases exhibiting diffuse staining were counted, Arg-1 showed a sensitivity of 86.8% overall, with sensitivities of 100%, 81.1%, and 64.3% for well, moderately, and poorly differentiated HCCs, respectively, whereas HepPar-1 showed a sensitivity of 70.2% overall, with sensitivities of 95.7%, 62.3%, and 21.4% for well, moderately, and poorly differentiated HCCs, respectively ( Table 2 , Fig. 4 ). Finally, when only those cases showing both strong and diffuse staining were counted, Arg-1 had a sensitivity of 82.1% overall, with sensitivities of 100%, 73.6%, and 53.6% for well, moderately, and poorly differentiated HCCs, respectively, and HepPar-1 had a sensitivity of 64.2% overall, with sensitivities of 90.0%, 56.6% and 14.3% for well, moderately, and poorly differentiated HCCs, respectively ( Table 2 , Fig. 5 ). There were no HCCs that were positive for HepPar-1, but negative for Arg-1.
We found that 185 of 193 HCCs (95.9%) exhibited immunoreactivity for Arg-1. All examined hepatic adenomas, focal nodular hyperplasias, macroregenerative nodules, and dysplastic nodules showed strong, diffuse cytoplasmic reactivity in hepatocytes. A single combined HCC-cholangiocarcinoma exhibited Arg-1 positivity only in the HCC component. In addition, only 2 nonhepatocellular tumors have expressed Arg-1 (Table 3 ): 1 prostatic adenocarcinoma was reactive and 1 cholangiocarcinoma showed weak, focal staining. All other tumors examined were nonreactive. In contrast, 2 colonic adenomas, 8 colonic adenocarcinomas, 2 pulmonary adenocarcinomas, 1 chromophobe RCC, and 9 gastric adenocarcinomas (47.4% of cases) were reactive for HepPar-1 (Fig. 6 ). Arg-1 was not expressed in small intestinal epithelium, in contrast to HepPar-1, which was present in the small bowel epithelial cells and in areas of intestinal metaplasia. Of note, Arg-1 reactivity was occasionally present in neutrophils and macrophages, a finding consistent with previously published data. 6, 20, 21, 26, 27, 31 
DISCUSSION
Because the HepPar-1 antigen was recently found to correspond to the urea cycle enzyme carbamoyl phosphate synthetase, we postulated that other urea cycle enzymes may represent similarly sensitive and specific hepatocyte markers. However, argininosuccinate synthase and argininosuccinate lyase are also expressed in the kidneys and in vascular endothelium, 18 whereas ornithine transcarbamylase is also expressed in small intestinal epithelium. 18, 32 Arg exists in 2 isoforms: Arg-1, which is found in the liver and Arg-2, or ''extrahepatic Arg.'' Because Arg-2 is also found in renal and other tissues, with small amounts also expressed in the liver, 30 we chose to focus on examining Arg-1 expression.
We found that Arg-1 is predominantly expressed in the liver and not in samples of other normal tissues, including small intestine-unlike ornithine transcarbamylase and carbamoyl phosphate synthetase-a finding consistent with published data. 13 Arg-1 showed diffuse cytoplasmic expression in both normal liver samples and in hepatocellular neoplasms, with patchy nuclear reactivity. The significance of Arg-1 nuclear reactivity is unknown. However, only cytoplasmic reactivity was regarded as positive staining. Our immunohistochemical studies examining the expression of Arg-1 in a variety of neoplasms and normal tissue samples showed that the sensitivity and specificity of this marker for HCCs are 96.0% and 99.6%, respectively ( Table 2 ). In contrast, in the setting of this study, we found that the sensitivity and specificity of HepPar-1 are 84.1% and 96.3%, respectively ( Table 2 ). It seems that the sensitivity of Arg-1 is consistently superior to that of HepPar-1 within each grade of HCC (Table 2 ). Our findings for HepPar-1 are similar to those of previous studies, which have shown that the sensitivity and specificity of HepPar1 labeling of hepatocytes are 79% and 92%, respectively. 7, 9, 34 Furthermore, the fact that there were no HCCs that were reactive for HepPar-1 but nonreactive for Arg-1 suggests that Arg-1 may substitute for HepPar-1 altogether in diagnostic immunohistochemistry.
The specificity of Arg-1 among all tumors we tested is 99.6%, whereas the specificity of HepPar-1 is 96.3%. However, morphologic distinction of many of these tumors from HCC does not usually require immunohistochemistry. Therefore, to more rigorously calculate the specificity of Arg-1, we examined expression of this antigen and that of HepPar-1 particularly in other ''large round pink cell tumors'' that are potential morphologic mimics of HCC, including RCCs, melanomas, neuroendocrine tumors, adrenocortical carcinomas, and gastric adenocarcinomas. Of note, gastric adenocarcinomas often express HepPar-1: previous studies have shown that HepPar-1 is expressed in 47% to 83% of gastric cancers. 5, 7 We found that the respective specificities of Arg-1 and HepPar-1 are 100% and 93.9% when we only examined tumors that are morphologically similar to HCC.
Two of the most common challenges facing a pathologist examining a liver tumor are: (1) distinguishing between a hepatic adenoma and a well-differentiated HCC and (2) distinguishing between a poorly differentiated HCC and an adenocarcinoma. Arg-1 would not be useful in addressing the first challenge because it is expressed in both benign hepatocytes and HCCs. However, Arg-1 may be of use in resolving the second problem. An immunohistochemical panel to address both of these diagnostic problems is outlined in Table 4 . In summary, we show that Arg-1 is a sensitive and specific marker of hepatocytes and, as such, can be used to distinguish HCCs from metastatic tumors in the liver. The identification of Arg-1 as an immunohistochemical marker of hepatocellular neoplasms may lead to its development as a useful diagnostic adjunct in routine surgical pathology practice.
